Background: Fibroblast Growth Factor 21 (FGF21) mediates metabolic adaptation to fasting in rodents and humans. As previously demonstrated, increase in FGF21 causes Growth Hormone insensitivity and growth failure. We hypothesized that serum FGF21 in short prepubertal children is positively associated with serum GH levels and negatively with serum Insulin-like Growth Factor-1, height, weight, and growth velocity.
Introduction
Malnutrition/undernutrition is the most common cause of growth failure in the world. Interestingly, in addition to the developing countries with the highest prevalence of stunted growth, many American children experience an inadequate nutrient intake in the first 3 years of life, that leads to underweight and short stature [1] . In mammals, statural growth is primarily regulated by Growth Hormone (GH) and Insulin-like Growth Factor-1 (IGF-1), with IGF-1 synthesis being mostly induced by GH itself [2] .
In rodents, fasting leads to reduced GH secretion as well as hepatic GH sensitivity [3] [4] [5] ; in humans, malnutrition also induces liver GH insensitivity but, unlike rodents, is associated with increased circulating GH levels [6] [7] [8] .
Underweight-short children often exhibit elevated GH and low IGF-1 blood levels, which reflect a state of GH resistance [9] ; yet, little is known on the causative mechanisms of these hormonal changes.
FGF 21 (Fibroblast Growth Factor 21) is a member of a subfamily of FGFs (including FGF15/19 and FGF23) which lack the FGF heparinbinding domain [10, 11] . Thus, these FGFs can diffuse away from their tissue of synthesis and function as endocrine factors [12, 13] . They bind the FGF receptors (FGFR1-4), which are tyrosine kinases. To activate the receptors, FGF21 must interact with β-Klotho, a single-pass transmembrane protein. FGF21 binds to β-Klotho through its C-terminus, while it binds to FGFR through its N-terminus. The co-localization of β-Klotho and FGF21 in white adipose tissue (WAT), brown adipose tissue (BAT) and in the liver is consistent with the notion that FGF21 regulates mammalian metabolism primarily in these three tissues/organs. Recently, we have shown that FGF21 and its signaling system are also expressed in the rodent growth plate. Indeed, in cultured chondrocytes isolated from 3-week-old mouse tibial growth plates and from late fetal mouse metatarsal growth plates, we demonstrated mRNA expression of FGF21, FGFR1, FGFR3, and β-Klotho, and protein expression of FGFR1, FGFR3, and β-Klotho [14] .
During reduced caloric intake, mammals experience an increased synthesis of Fibroblast Growth Factor 21 (FGF21) [15] . Increased activity of FGF21 in the liver induces gluconeogenesis, fatty acid oxidation, and ketogenesis: as a result, FGF21 is considered a key regulator of the metabolic adaptation to fasting [15] [16] [17] [18] [19] [20] [21] [22] .
Increased expression of FGF21 during food restriction in rodents appears to inhibit longitudinal bone growth [23] . We have recently shown that mice with FGF21 gene deletion undergoing food restriction (FR-KO mice) exhibit attenuated reduction of their body linear growth and tibial growth, and similar weight loss, compared to food-restricted wild-type mice (FR-WT) [14] . In addition, FR-KO mice have higher serum IGF-1 and lower serum GH levels compared to FR-WT mice: these findings ISSN 2380-548X Open Access 2 indicate that mice with FGF21 gene deletion remain more GH sensitive than wild-type mice during food restriction [14] . These data implicate a causative role for FGF21 in malnutrition-associated growth failure, possibly by inducing growth hormone resistance.
Sci Forschen
In humans, recently published data indicate that serum FGF21 levels are inversely related to growth rates in infancy, suggesting that FGF-21 is a negative regulator of human statural growth early in life [24, 25] . However, little is known on the functional role of FGF21 in the growth regulation of older children, especially in those with underweight and short stature.
We hypothesized that:
1. Underweight children with short stature have higher serum FGF-21 and GH levels and lower serum IGF-1 levels than normal weight children with short stature.
2. Serum FGF-21 levels in underweight children are directly correlated with serum GH levels and inversely correlated with serum IGF-1 levels.
In order to test our hypothesis, the objectives of this study were:
1. To measure serum FGF21 levels in the prepubertal pediatric population and correlate these levels with this population's statural growth rate to examine the possible causative role of FGF21 leading to growth failure through GH insensitivity in underweight children.
2. To determine whether serum FGF21 levels are correlated with serum GH and IGF-1 levels in short children with underweight.
Materials and Methods
Study approval was obtained from the Drexel University Institutional Regulatory Board (Protocol 1212001718). Informed consent and assent (if indicated) were obtained from parents and patients upon enrollment.
Study design
Subjects were recruited prospectively from the outpatient clinics of the Sections of Endocrinology and General Pediatrics at St. Christopher's Hospital for Children between February 2013 and January 2015.
The inclusion criteria were:
-Presence of growth failure (height<3 rd percentile or linear/statural growth curve crossing 2 major percentiles) without chronic disorders or prolonged administration of medications known to be associated with underweight or poor growth velocity/short stature.
-Prepubertal stage (Tanner I breast development in girls and testicular size < 4 cc in boys.
-1 to 10 years of age.
Subjects with the diagnosis of chronic disorders, or pubertal stage of ≥ Tanner 2 (≥ Tanner 2 breast development in girls and testicular size ≥ 4 cc in boys) were excluded.
Underweight (based on CDC definition) was defined by Weight for Length of <5 th percentile for subjects aged less than 2 years and BMI of <5 th percentile for older subjects.
After enrollment, a non-fasting blood sample was collected to measure GH, IGF-1 [GH was measured by a 2 site immunoenzymometric assay (TOSOH) at St. Christopher's Hospital for Children Central Laboratory, while IGF-1 was measured in a commerical laboratory (Lab Corp) and by RIA after acid:alcohol extraction] and FGF21 (measured using an enzyme linked immunosorbent assay kit by MilliporeSigma; catalogue number: EZHFGF21-19K; Merck KGaA, Darmstadt, Germany) at one of the coauthors' research laboratory.
Anthropometric measurements, including Weight, Height and BMI, were obtained. Growth velocity was calculated using two height measurements, taken 3-6 months apart. In many subjects, both measurements were taken at the outpatient clinics of the Sections of Endocrinology and General Pediatrics at St. Christopher's Hospital for Children; in others, the first measurement was taken at the referring pediatrician's office, while the second one was taken at St. Christopher's Hospital for Children. Percentiles and Z-scores were calculated based on reference values for the CDC's 2000 growth charts (downloaded from http://www.cdc.gov/growthcharts), and the Children's Hospital Boston Growth Calculator 2.01. Detailed medical and family histories were obtained.
Statistical analysis
Data were analyzed with IBM SPSS software version 20.0. Data (including the anthropometric measures) were expressed as mean ± standard deviation (SD) and median for the serum FGF21 levels. A p value of <0.05 was considered to be statistically significant. Spearman's rank order correlations (r) were used to assess associations between the different variables and serum FGF21 levels. Mann Whitney U test was used to assess difference in FGF21 levels between genders.
Results
A total of 22 children with growth failure aged 1-10 years were recruited ( Table 1 ). All of the subjects were prepubertal. The majority of the subjects were males and either African-American or other.
All of the subjects (n=22) met the criteria for Growth Failure (as defined in the Materials and Methods) and 9% (n=2) of the subjects were underweight (as defined in the Materials and Methods).
Median serum GH and IGF-1 levels were 3.68 ng/mL and 89.31 ng/mL, respectively. Median serum FGF21 level was 69.95 pg/mL (range: 0-591 pg/mL) in males and 62.80 pg/mL (range: 0-507 pg/mL) in females. There was no significant difference in FGF21 levels between genders based on the Mann Whitney U test (p=.99) ( Table 2 and Figure 1 ).
An inverse, statistically significant association was identified between serum FGF21 and Growth Velocity (p=.043) as well as Height Z-score (p=.046) in females.
Spearman's rank order tests identified no significant associations between serum FGF21 levels and age, time of the day, other anthropometric parameters including weight (z-score), BMI (z-score).
In addition, no significant correlations were found between serum FGF21 levels and serum IGF-1 or GH levels (Table 3) .
Discussion and Conclusion
To our knowledge, our study is the first one to report circulating levels of FGF21 in prepubertal, males and females with short stature. We have demonstrated an inverse, statistically significant correlation between Growth Velocity Z-score, mean ± SD -0.5 ± 1.97 Open Access 3 serum FGF21 and height z-score (p=.046) as well as growth velocity (p=.043) in prepubertal girls, suggesting that FGF21 might be negatively affecting the regulation of statural growth in humans. No significant difference was identified in serum FGF21 levels between genders (Mann Whitney U test, p=.99), which is in contrast to a previously reported higher serum FGF21 levels in boys [26] .
Previous evidence has suggested a regulatory role for FGF21 in mammalian growth. In 2008, Inagaki et al. [27] showed that transgenic mice overexpressing FGF21 are smaller and exhibit shorter tibial bones when compared to that of WT mice. They have also shown that overexpression of FGF21 decreased GH signaling activation and, in turn, IGF-1 expression in the liver, indicating that FGF21 may be implicated in the regulation of growth by causing GH insensitivity.
Food restriction in rodents is associated with reduced skeletal growth due, at least in part, to increased FGF21 activity. Indeed, we have shown that, in mice, chronic undernutrition results in an increased synthesis and activity of FGF21 both systemically and locally within the growth plate. As a result, FGF21 inhibits GH action by acting both as an endocrine and a paracrine factor [14, 28] .
Published evidence of an effect of FGF21 on statural growth in humans is limited. In adults affected by anorexia nervosa, serum FGF21 was directly correlated with GH and inversely correlated with IGF-1 levels [29] . In peripubertal boys with idiopathic short stature, the authors found no correlation of serum FGF21 with anthropometric measures including height, weight, growth velocity, BMI or serum IGF-1 levels [30] .
A regulatory role for FGF21 on longitudinal/statural growth appears more obvious in infancy. Mericq et al. [25] studied a cohort of preterm and term infants. During the first 6 months of life, in the whole group serum FGF21 was inversely correlated to the body linear growth, and such a significant inverse correlation persisted in the 6-12-month period in the group of preterm infants born with a gestational-age-appropriate birth weight. Term infants who experienced catch-up growth in the first 6 months of life exhibited lower serum FGF21 levels at 6 months compared to those who did not experience catch-up growth. Thus, these findings indicate that FGF21 in infancy is inversely correlated with linear growth rate, thus suggesting that FGF21 is a negative regulator of human growth.
In another study, the authors evaluated only premature infants [24] . Consistent with Mericq's findings [25] , a significant negative association between FGF21 level during the first 5 weeks of life and change in length was found. No association was found between serum IGF-1 and change in length. Furthermore, these authors evaluated the effects of FGF21 on GH action in cultured chondrocytes. Consistent with our findings in cultured mouse growth plate chondrocytes [28] , the addition of recombinant FGF21 to the culture medium of human chondrocytes reduced the GHmediated induction of chondrocyte proliferation. Therefore, these findings suggest that FGF21 may inhibit longitudinal bone growth by antagonizing GH action in human chondrocytes.
In conclusion, the results of our study support an inhibitory regulatory role for FGF21 in the statural growth of prepubertal girls; however, we were unable to demonstrate an FGF21-mediated induction of GH insensitivity possibly leading to growth failure. The small size of our sample, the limited number of underweight children enrolled, as well as the lack of a control group limit the impact of our findings. Yet, these findings justify the need for additional longitudinal studies on a larger cohort of prepubertal short and normal statured children with a wider BMI range (including underweight children). Open Access
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